INTRODUCTION
Sucrose fatty acid esters, hereinafter referred to as sucrose esters, are nonionic surfactants derived from the esterification of sucrose with fatty acids. Sucrose esters have been widely used as food emulsifiers since their approval as food additives 1 3 . Recently, the application of sucrose esters to cosmetics has attracted attention because sucrose esters are less irritative to the skin and they have excellent emulsification and solubilizing capabilities 4, 5 . The pH values of general cosmetic products are adjusted to approximately 5 to 7 in consideration of the pH of human skin. In Japan, the quality guarantee period of general cosmetic products has been set to three years by the pharmaceutical affairs law. Therefore, sucrose esters used for cosmetics are required to be stable for at least three years under weakly acidic conditions, i.e., pH 5 to 7. The primary purpose of this study was to examine the stability of sucrose esters in this pH range. Since sucrose has eight hydroxyl groups, that is, three primary and five secondary hydroxyl groups as shown in Fig. 1 , there is a series of homologous esters depending on the degree of esterification ranging from monoesters to octaesters. Several research groups have suggested that the chemical reactivity of the primary hydroxyl groups at the C-6 and C-6 positions are higher than that at the C-1 position, followed by the secondary hydroxyl groups 6 . It is crose in an organic solvent. For example, the enzymatic synthesis of sucrose monoesters results in the generation of regioselective products such as 1 -O-acyl sucrose and 6-O-acyl sucrose 7 13 . The acylated positions of these products have been determined by NMR analysis. Sucrose esters are not necessarily used only in neutral media, as in the case of cosmetics. A number of studies on the stability of sucrose esters under acidic or basic conditions have been reported. Fatty acids were found in the acid hydrolysate of sucrose esters under high temperature and/or strongly acidic conditions 14 16 . However, an alternative hydrolysis pathway involving glycosidic bond cleavage remains to be fully elucidated. Recently, Baker et al.
showed that base hydrolysis occurred exclusively at the ester bond, and they determined the kinetic parameters for the ester hydrolysis of 6-O-monoesters at pH 11 17 .
In this study, we identified the hydrolysate of sucrose monoesters and investigated the influence of the pH, concentration, and position of acylation on the stability toward hydrolysis under acidic and basic conditions. The longterm stability of sucrose monoesters in a weakly acidic solution was evaluated on the basis of the obtained kinetic parameters.
EXPERIMENTAL

Materials
Among mono-and polyesters with common fatty acids such as sucrose stearate, monoesters are water soluble, whereas di-to octaesters are hardly soluble in water. Monoesters were chosen for this study because they have the highest possibility of hydrolysis owing to their solubility in water. Monoesters also have the advantage of being convenient in that they can be dissolved in aqueous solutions of various pH values.
Commercial products manufactured by Dai-ichi Kogyo Seiyaku Co., Ltd. Japan , etc., were purified using column chromatography on silica gel to obtain the pure sucrose monostearate and sucrose monolaurate used in this study. The degree of acyl substitution was analyzed by a previously reported HPLC method 18 . The HPLC analysis indicated that all the purified sucrose monoesters contained the possible regioisomers and did not contain di-to octaesters and sucrose. The purified monoesters were not necessarily pure in terms of fatty acid composition. The fatty acid composition was determined by gas chromatography after alkaline hydrolysis and silylation to be as follows: sucrose monostearate contained 66 stearate and 31 palmitate, and sucrose monolaurate contained 99 laurate. The aqueous solution of specified pH was prepared by adding hydrochloric acid or sodium hydroxide to ultrapure water. Hydrochloric acid and sodium hydroxide were purchased from Nacalai Tesque Japan . Ultrapure water was produced by a Millipore water purification system.
Methods
Degradation conditions
Sucrose monoesters are known to form micelles in water at concentrations above the critical micelle concentration cmc . The cmc of sucrose monostearate and monolaurate at 25 has been determined previously to be 1.0 10 5 M and 3.5 10 4 M, respectively 19 . The cmc is expected to vary to some extent with changing temperature. A previous study of decylmaltoside, a kind of sugar surfactant, showed that the cmc at an elevated temperature about 70 increased only up to 1.5 times that at room temperature 20 . Sucrose esters are generally used at concentrations above the cmc so that they can act as emulsifiers. From a practical point of view, degradation experiments were carried out using solutions at concentrations much higher than the abovementioned cmc, except for those described in 3.1.2 and 3.2.2. Degradation under acidic conditions was performed by dissolving the sucrose monoesters in dilute hydrochloric acid of specified acidity pH 2-4 in a test tube and placing this test solution in an oil bath set to a specified temperature. The molar concentration of the sucrose monoesters was set to be equivalent to one-sixth the molar concentration of the hydrogen ion, which is equal to 1.67 10 3 M, 1.67 10 4 M, and 1.67 10 5 M for pH 2, 3, and 4, respectively. After a lapse of predetermined time, the test solution was cooled and then neutralized with aqueous sodium hydroxide to stop further reaction. Degradation under basic conditions was performed by dissolving the sucrose monoesters in aqueous sodium hydroxide of specified basicity pH 10-12 in a test tube, which was followed by nitrogen purging of the headspace and placing this test solution in an oil bath set to a specified temperature. The molar concentration of the sucrose monoesters was set to be equivalent to one-sixth the molar concentration of the hydroxide ion. After a lapse of predetermined time, the test solution was cooled and then neutralized with dilute hydrochloric acid to stop further reaction.
The test solution was diluted to a suitable concentration for liquid chromatography-mass spectrometry LC-MS measurement using tetrahydrofuran or ultrapure water.
Gas chromatography GC
The hydrolysates of sucrose monoesters under acidic and basic conditions were identified by GC and GC-MS after silylation. GC analysis was carried out using an Agilent 6890N gas chromatograph equipped with an FID detector and an Agilent DB-1 capillary column 0.53 mm i.d. 15 m, 0.15 μm film thickness . The column temperature was programmed from 100 to 300 at a rate of 20 /min. The initial and final hold times were 1 and 5 min, respectively.
The injector and detector temperatures were maintained at 300 . Helium was used as a carrier gas at a constant flow rate of 6.0 mL/min. GC-MS analysis was performed using a Hewlett Packard 5890 series II gas chromatograph coupled to a JEOL JMS-600H mass spectrometer system. Mass spectra were obtained by electron ionization at 70 eV and an ion source temperature of 230 .
Liquid chromatography-mass spectrometry LC-MS
Sucrose monoesters were quantified by LC-MS. LC-MS analysis was performed using an Agilent 1100 series liquid chromatograph coupled to a JEOL JMS-T100LP time of flight mass spectrometer. Samples were loaded onto an Agilent ZORBAX Eclipse XDB-C18 column 4.6 mm i.d. 150 mm, 5 μm particle size maintained at 40 , and they were eluted with a mobile phase consisting of methanol and water 90:10 or 75:25 for the separation of sucrose monostearate or monolaurate, respectively at a flow rate of 1.0 mL/ min. This procedure provides a separation of sucrose monoesters into 5-7 peaks and a complete separation of monoesters with different acyl chain lengths C12, C16, and C18 . The retention time increases as the alkyl chain length increases. Positive ions in the m/z range of 100 to 1000 were detected by the mass spectrometer using an APCI ion source.
The pseudo-molecular ion M Na without any fragment ions was observed in the mass spectrum of the sucrose monoester. The percentage of residual monoesters was determined by dividing the peak area at each time point by the initial peak area of the monoester in the mass chromatograms of the pseudo-molecular ion.
Nuclear magnetic resonance NMR spectroscopy
To determine the acylated position of the sucrose monoester, NMR analysis was carried out according to the general theory developed by Yoshimoto et al. 21 13 C-NMR spectra were obtained at 100.6 MHz on a Bruker AV400M spectrometer using 5 mm spinning tubes at 30 . Samples were dissolved in deuterium oxide at a concentration of approximately 0.1 M with 1,4-dioxane as an internal standard δC 67.4 ppm .
RESULTS AND DISCUSSION
Hydrolysis behavior under acidic conditions
Since sucrose monoesters are assumed to be stable over the entire pH range normally encountered in cosmetics pH 5-7 , the hydrolysis reaction in this study was accelerated by applying harsh processing conditions such as low pH and high temperatures. 3.1.1 Identification of hydrolysates generated under acidic conditions A typical gas chromatogram of sucrose monolaurate after hydrolysis is shown in Fig. 2 . Monosaccharides and monosaccharide esters of lauric acid were identified in the hydrolysate by GC-MS. Slight amounts of lauric acid and sucrose derived from the hydrolysis of the ester bond were also found. A similar result was obtained in the case of sucrose monostearate. These results show that hydrolysis occurred preferentially at the glycosidic bond under our conditions.
On the other hand, in previous studies 14 16 a fatty acid was observed as the main product in the hydrolysis of a sucrose monoester under high temperature and/or strongly acidic conditions e.g. pH 1 and 100 , pH 2.1 to 5.8 and 100
. These results are in contrast to our findings. This is probably because under such extremely harsh conditions monoesters are quickly hydrolyzed to monosaccharide esters and then further hydrolyzed at the ester bond to yield a fatty acid. Anderson et al. also reported that an unknown faint spot at an Rf value similar to that of sucrose diester was found in the thin-layer chromatography analysis 16 . We assume that this faint spot corresponds to a monosaccharide ester. A plausible hydrolysis pathway under acidic conditions is proposed in Scheme 1. In fact, under our conditions, the amount of fatty acid present increased gradually over time, but sucrose amounts did not increase beyond a certain level because of its hydrolysis into glucose and fructose.
Effect of micelle formation on acid hydrolysis
Micelle formation has the possibility of influencing the rate of hydrolysis. The time courses of the hydrolysis of sucrose monolaurate at different concentrations below 1.67 10 5 M and above 1.67 10 3 M the cmc at pH 2 and 70 are shown in Fig. 3 . The difference in the rate of hydrolysis between the concentrations below and above the cmc can be seen. The reduction in the rate of hydrolysis at the concentration above the cmc is assumed to be attributed to the shielding of the glycosidic bond from the attack of protons by inclusion into the micelle.
Effect of the position of acylation on acid hydrolysis
The mass chromatograms of sucrose monolaurate at each stage during the hydrolysis at pH 2 and 70 are shown in Fig. 4 . Out of eight regioisomers, seven peaks appeared separately.
The three large peaks were assigned to the C-6, C-1 , and C-6 derivatives by NMR analysis of each fraction isolated by preparative HPLC. This result agrees with the fact that sucrose is preferentially acylated at the primary hydroxyl groups in the chemical transesterification process. 13 C-NMR spectrum of 6-O-lauroyl sucrose showed a distinct downfield shift of the C-6 carbon along with an upfield shift of the neighboring C-5 carbon compared to unsubstituted sucrose. Acylation at the C-1 position resulted in a downfield shift of the C-1 carbon and an upfield shift of the C-2 carbon. Acylation at the C-6 position resulted in a downfield shift of the C-6 carbon and an upfield shift of the C-5 carbon. 13 C-NMR spectral data for sucrose mono- The other four small peaks a-d with retention times of approximately 4.4-5.6 and 7.2 min were assigned to the esters derived from acylation of less reactive secondary hydroxyl groups.
As the hydrolysis proceeded, a significant difference in the rate of decrease in the peak area was observed, indicating that the rate of acidic hydrolysis differs with the position of the acyl group. The difference in the rate of hydrolysis among regioisomers is shown in Fig. 5 . They were broadly divided into two groups differing in the rate of hydrolysis regardless of the type of ester primary or secondary . This phenomenon was largely unaffected by whether Scheme 1 Hydrolysis pathway of sucrose monoester under acidic conditions. Su: sucrose; G: glucose; F: fructose. The C-6 derivative showed a faster hydrolysis rate. As the C-6 derivative is a major component in the monoester fraction C-6 content is 41
, the overall rate of monoester hydrolysis seems to be affected largely by the rate of this component. In contrast, the C-1 and C-6 derivatives were resistant to hydrolysis. With regard to the C-1 derivative, the long-chain acyl group is located at the C-1 position close to the glycosidic bond, resulting in the appearance of steric hindrance around the glycosidic bond. The steric relationship between the ester bond and the glycosidic bond is expected to have a major impact on the acid hydrolysis of the glycosidic bond.
Effect of pH on acid hydrolysis
Sucrose monostearate was treated with dilute hydrochloric acid of pH 2, 3, and 4 at 70 . It was confirmed that the pH value of the test solution did not change during the hydrolysis. The hydrolysis behavior under each pH condition is shown in Fig. 6 .
The hydrolysis rate was greatly affected by pH, resulting in a significant reduction of the rate at pH 4. Therefore, hydrolysis is assumed to be negligible at pH 5-7. 3.1.5 Estimation of long-term stability toward hydrolysis under acidic conditions It is possible to predict the lifetime of materials using the Arrhenius parameters obtained from reaction rate measurements at different temperatures. We estimated the long-term stability of sucrose monostearate under acidic conditions using the Arrhenius model.
Rate constant
The first-order rate equation is given by
where k is first-order rate constant min 1 , A is the concentration of sucrose monoester at a particular time t min , and A 0 is the initial concentration of sucrose monoester.
It was experimentally confirmed that the hydrolysis of sucrose monoesters under our acidic conditions is a firstorder reaction because a plot of ln A 0 / A versus time t gives a straight line drawn from the origin Fig. 7 . Rate constants are obtained from the slope of the lines.
Arrhenius equation
The Arrhenius equation describes the dependence of rate constants on the temperature, as shown below:
where A is a pre-exponential factor, Ea is the activation energy J mol 1 , R is the gas constant J K 1 mol 1 , and T is the absolute temperature K of the reaction. An Arrhenius plot is displayed by plotting the logarithm of rate constants ln k against inverse of temperature 1/T as shown in Fig. 8 . The activation energy is calculated from the slope of the Arrhenius plot. The activation energy of the hydrolysis was about 1 10 5 J mol 1 , though there were slight differences depending on the pH. 3.1.5.3 Long-term stability Sucrose esters used for cosmetics in Japan are required to be stable for at least three years under weakly acidic conditions pH 5-7 . Figure 9 shows the plots of lifetimes calculated from the first-order rate constants for the hydrolysis reaction in the aqueous solution of sucrose monostearate at pH 4. The rate constants required to calculate the lifetime at 25 were estimated from those obtained at high temperatures using the Arrhenius equation.
The lifetime measurements indicate that it will take about 12 years for half of the sucrose monoesters to be decomposed and 1.8 years for a 10 reduction in an aqueous solution of pH 4 at 25 . These results show that sucrose monoesters are relatively stable even under harsh conditions such as pH 4. As the rate of hydrolysis is dramatically reduced with increasing pH from 2 to 4, as shown in Fig. 6 , it can be deduced that sucrose monoesters are hardly hydrolyzed over the pH range of 5-7 normally encountered in cosmetics.
Hydrolysis behavior under basic conditions
The study of hydrolysis under basic conditions was conducted under a nitrogen atmosphere in a sealed test tube in order to prevent the consumption of hydroxide ions by carbon dioxide in air. 3.2.1 Identification of hydrolysates generated under basic conditions Sucrose and fatty acids, but neither monosaccharides nor monosaccharide esters, were detected in the hydrolysate by GC-MS; that is, no evidence for hydrolysis of the glycosidic bond was found. In agreement with a previous study 17 , the base hydrolysis occurred exclusively at the ester bond. 
Effect of micelle formation on base hydrolysis
The rates of hydrolysis at different concentrations below and above the cmc were compared in the same manner as 3.1.2, as shown in Fig. 10 .
At the concentration above the cmc, the rate of hydrolysis was reduced similarly to the case under acidic conditions, but the degree of reduction was larger than that under acidic conditions. This difference may be caused by two factors. The first is the difference in the position of the ester bond and the glycosidic bond in the micelle; that is, the ester bond is located deeper in the micelle than the glycosidic bond is. The second is the difference in the size of the ions involved in hydrolysis. The size of the hydroxide ion is much larger than that of the hydrogen ion. For these two reasons, we thought that sucrose monoesters under basic conditions were more protected from being hydrolyzed by micelle formation.
Effect of the position of acylation on base hydrolysis
The mass chromatograms of sucrose monolaurate at each stage during the hydrolysis at pH 12 and 40 are shown in Fig. 11 . The rate of hydrolysis for each regioisomer is shown in Fig. 12 .
The order of hydrolysis rates of the regioisomers is distinctly different from that under acidic conditions. It was found that secondary esters were hydrolyzed faster than primary esters under basic conditions, showing opposite selectivity to the base hydrolysis of normal esters. This phenomenon is not related to micelle formation because a similar result was obtained at a concentration below cmc.
Effect of pH on base hydrolysis
Sucrose monostearate was treated with aqueous sodium hydroxide solution of different pH values between 10 and 12 at 40 . The effect of pH on the hydrolysis is shown in Fig. 13 .
The results show that pH has a significant effect on the hydrolysis rate, similar to the case under acidic conditions. Sucrose monoesters were easily hydrolyzed even under mild conditions at pH 10 and 40
. They were found to be more unstable under basic conditions than under acidic conditions.
Baker et al. have already studied the base hydrolysis of sucrose monoesters in detail 17 . They found that the ester hydrolysis in buffer solution followed pseudo first-order kinetics because the concentration of hydroxide ions remained constant during hydrolysis. In our experiments, the pH of the test solution decreased by up to 0.1 pH units after hydrolysis, indicating that the concentration of hydroxide ion changed during hydrolysis. The half-life also increased as the reaction proceeded. For these reasons, the ester hydrolysis under our conditions can be considered to have followed second-order kinetics.
CONCLUSION
The results of lifetime estimation based on the rate analysis showed that sucrose monoesters are stable enough under the weakly acidic conditions encountered in cosmetics pH 5-7 . Although this study focused only on sucrose monoesters, more highly substituted esters are presumed to have higher long-term stability than monoesters because they are intrinsically insoluble in water and the glycosidic bond is sterically more protected from hydrolysis by the higher number of bulky acyl groups.
On the other hand, sucrose monoesters are unstable under basic conditions, in contrast to acidic conditions, but they are expected to be relatively stable under near neutral pH conditions such as pH 7-8.
